THERE IS GENERAL AGREEMENT that the classic risk factors are most important for initiation and promotion of atherosclerosis (1) . Once atherosclerosis is established, the vulnerability of an individual plaque can cause sudden rupture, which in a "vulnerable blood environment" can progress to thrombosis and infarction. In recent years our knowledge about plaque pathophysiology has increased tremendously and some characteristics of high vulnerability have been defined (Table 1) (2) . While smaller retrospective studies suggested that nonhemodynamically significant plaques are particularly prone to rupture (3) (4) (5) , they also showed that short-term risk is associated with higherdegree stenoses (5) . Larger invasive studies from the pre-interventional era confirmed a very low risk of occlusions at the site of low-degree stenoses (6) compared to a high risk for rupture of high-grade stenoses when occlusion rates were considered over one to two years (7) (8) (9) (10) . If vulnerability would be determined by plaque composition irrespectively of plaque mass or degree of stenosis, one would expect similar complication rates in populations with and without ischemia. However, this is not the case according to the results of scintigraphic studies, which clearly demonstrate an increasing risk of complications along with increasing ischemic burden (11) . Following these lines of evidence from large invasive and scintigraphic studies, it might be equivalent to assess stenosis severity by coronary MR angiography (MRA) or perfusion-cardiac magnetic resonance (CMR). Here, some technical aspects merit consideration. Given a 3-mm coronary vessel imaged with the currently available spatial resolution of 0.5 ϫ 0.5 mm 2 for coronary MRA, signal distribution in as little as 27 pixels would determine the degree of stenosis. With respect to plaque composition and morphology, as little as six pixels per component would characterize a plaque causing a 70% luminal reduction (considering three components in the plaque: fibrosis, lipid necrotic core, and inflammatory cell-rich component, with each occupying a third of the plaque area). Alternatively, for myocardial perfusion assessment a 3-mm vessel is assumed to supply approximately 60 g of muscle tissue (12) , which corresponds to about 10,500 pixels (considering a spatial resolution for perfusion imaging of 3 ϫ 3 mm 2 and a cardiac coverage of 50%). It seems obvious that a change in stenosis severity would be more reliably detected by interrogating 10,500 pixels in the myocardium than 27 pixels covering the cross-sectional area of the coronary vessel. There is the potential that luminal narrowings can be reliably detected by coronary MRA with further improvements in hardware and software, while it appears considerably more difficult to achieve a reliable characterization of plaque components in coronary artery lesions in the near future.
MYOCARDIAL PERFUSION ASSESSMENT BY CMR
The most commonly used approaches for perfusion-CMR utilize contrast media (CM) first-pass techniques. Alternatively, blood oxygen level-dependent (BOLD) techniques and spin-labeling techniques have also been applied to assess myocardial perfusion. Since the latter two approaches are still in an early experimental stage, the following description will focus on contrastenhanced first-pass techniques. Several requirements must be met by these first-pass techniques in order to generate data sets from which relevant perfusion information can be derived: 1) high temporal resolution of data acquisition (entire stack of images every one to two heartbeats) to provide unsmoothed signal intensitytime curves, 2) high spatial resolution to differentiate transmural differences in perfusion, 3) adequate cardiac coverage to assess the extent of disease, and 4) CM sensitivity to achieve an adequate contrast-to-noise ratio (CNR, i.e., T 1 or T 2 * weighting corresponding to the type and dose of CM). These requirements must be met during hyperemic conditions.
Induction of Myocardial Hyperemia
Similarly to protocols used for single photon emission computed tomography (SPECT) perfusion imaging, hyperemia during perfusion-CMR is typically induced by intravenous administration of adenosine at a dose of 0.14 mg/kg/minute over three minutes. Adenosine acts via activation of adenylate cyclase through A 2 receptors on smooth muscle cells. Therefore, caffeine intake (from coffee, tea, and some chocolates) before the administration of adenosine blocks its effect, and these products should be avoided 24 hours before a perfusion-CMR study. This condition is usually not met in an emergency situation; however, in an acute setting, even resting perfusion is expected to be compromised. During hyperemia normal myocardial perfusion reaches 3-4 mL/min/g. Hemodynamically significant stenoses prevent an increase in perfusion toward these values. Instead, critical stenoses restrict perfusion to resting levels (approximately 1 mL/min/g), which are recognized as altered CM kinetics. As demonstrated in animal experiments, hyperemia very rarely causes a reduction in perfusion below resting values in stenosisdependent myocardium, which would cause ischemia with consequent wall motion abnormalities (13) . This may be the main reason why adenosine infusion is safe, as demonstrated in large SPECT registries (14) . In line with these data, it was shown in the early 1990s that ischemia (by adrenergic stimulation), but not pure hyperemia, should be induced if dysfunction is used as the marker for CAD (15) . Also, in large multicenter trials, adenosine in combination with CMR was proven safe (16 -18) . In a large SPECT registry (14) , first-and second-degree AV-blocks occurred in 6.8% of patients, and third-degree AV-block occurred in 0.8%, all of which were transient (three-quarters of them even during continued adenosine infusion). Monitoring of the patient for symptoms, blood pressure, respiration, and cardiac rhythm is required during hyperemia by means of MR-compatible equipment. Since hypotension and asthma or bronchospasm may occur, all medications and devices for emergency treatment, including a defibrillator and adequate expertise in basic and advanced life support, must be available at the CMR site.
Since adenosine-induced hyperemia is regularly associated with high heart rates, very fast pulse sequences are required to meet the four requirements mentioned above.
Pulse Sequences for Perfusion-CMR

Turbo Fast Low-Angle Shot (FLASH) Sequences
In Turbo-FLASH pulse sequences the acquisition of each k-line is preceded by an RF excitation, which results in a readout duration on the order of 350 -450 msec depending on the number of phase-encoding steps used and the duration of the TR, which is typically on the order of several milliseconds (19 -24) . Thus, turbo-FLASH sequences provide lower spatial and/or temporal resolution in comparison with hybrid echoplanar pulse sequences (25) .
Echo-Planar or Hybrid Echo-Planar Pulse Sequences
In echo-planar pulse sequences, several k-lines are acquired following one single RF excitation, which reduces the TR per k-line down to Ͻ2 msec. This pulse design has been validated in larger trials with good results (16, 17, 26) , and therefore is currently the method of choice. In order to reduce motion-induced artifacts, ideally the acquisition windows should be fitted into the cardiac cycle in such a way as to select phases with minimal motion (e.g., mid-diastole and/or mid-to end-systole) while optimizing the delay time. Figure 1 illustrates how this can be achieved.
Steady-State Free Precession (SSFP) Sequences
SSFP strategies preserve magnetization and therefore yield a higher signal-to-noise ratio (SNR). However, a preceding magnetization preparation, e.g., by a saturation pulse, limits the available magnetization and the magnetization preservation by SSFP appears less efficient. Accordingly, saturation-recovery SSFP yielded a contrast-to-noise ratio (CNR) of 6 -8 after injection of 0.015 mmol/kg Gd-DTPA, which was not different from a turbo-FLASH acquisition (27) . Furthermore, in general the readout for SSFP strategies for a given matrix is longer than that for echo-planar sequences, and com- bination with magnetization preparation is not trivial with these sequences (28) .
Parallel Imaging Approaches
Parallel imaging techniques are attractive because they allow for shortening the acquisition window by a factor of 2 or higher. However, a disadvantage is their reduced SNR (given by the square root of the acceleration factor times the so-called geometry factor) (29) . Kellman et al (30) showed that such parallel imaging limitations can be overcome by meticulous optimization of other imaging parameters. Thus, combining temporal sensitivity encoding (TSENSE) with unaliasing by fourier encoding the overlap using the temporal dimension (UNFOLD) reconstruction yielded an up to 400% signal increase after injection of 0.1 mmol/kg of a Gd-chelate (CNR ϭ ϳ18), whereas Auto-SENSE obtained a 50% signal change at 0.025 mmol/kg of Gd-chelate (31) . Further studies are needed to determine whether the advantage of a shorter acquisition window with parallel imaging, which is likely to reduce motion-induced artifacts and/or increase cardiac coverage, improves diagnostic performance in unselected patient populations.
Magnetization Preparation for T 1 -Shortening CM
Typically the readout is prepared by a 90°saturation pulse with recovery times as short as 100 -150 msec. When combined with a hybrid echo-planar pulse sequence, the data acquisition window can be as short as 200 -300 msec/slice (including preparation), allowing for multislice data acquisition at a high sampling rate, i.e., a complete stack of images can be acquired every one to two heartbeats (26) . This preparation scheme has replaced the inversion recovery (IR) approach at most sites. With the IR technique the recovery time is set to null the signal of normal myocardium and is typically in the range of 300 -400 msec (19 -24) . Thus, combining an IR-preparation scheme with a turbo-FLASH readout would result in long acquisition windows.
CM For Perfusion-CMR
T1-Shortening CM
Extravascular gadolinium (Gd)-based CM. Gd-based compounds are most commonly used for first-pass perfusion MRI. These CMs are injected as a bolus in a peripheral (antecubital) vein in doses of 0.025-0.15 mmol/kg body weight at rates of 3-8 mL/second. During CM administration the signal intensity changes in the right (RV) and left ventricular (LV) cavities and finally in the LV myocardium are monitored using one of the above-mentioned pulse sequences. The increase in signal during the first pass that is achieved in the LV myocardium depends on the dose and dispersion of the CM bolus, as well as the type of pulse sequence used. It appears crucial to induce a signal increase that is far higher than the noise floor in the images in order to be able to differentiate normally perfused myocardium from areas of hypoperfusion (32) . An example of a perfusion-CMR study in a patient with atypical chest pain is shown in Fig. 2 . Also, single-center (26, 32) and multicenter (16, 18) trials indicate a trend toward better diagnostic performance at higher doses of CM, at least when quantitative analyses of perfusion-linked param- (26) . A series of 50°␣-pulses are played out, each of which yields four gradient echoes, i.e., four lines in k-space (as shown for N shots in the lower right corner of the figure). Each slice is prepared by a non-slice-selective 90°saturation pulse, followed by a delay time of 120 msec. With these parameters the readout occurs at phases of minimal cardiac motion, i.e., in late systole and mid-late diastole. This approach takes advantage of the fact that ejection time varies little with increasing heart rates, as is the case during adenosineinduced hyperemia (represented by the shift of the second R-wave on the ECG). A short readout is also crucial for avoiding data collection for slices 1 and 2 during early LV filling, and for slices 3 and 4 during atrial contraction (see p-wave on the ECG). Reprinted with permission from Ref. 70. eters, such as the upslope, are applied (Fig. 3a) . Gd-BOPTA transiently binds to macromolecules, which increases its relaxivity in blood. Alternatively, a higher concentration of Gd-chelates is available for Gadobutrol (1 mmol/mL). Gd-BOPTA or Gadobutrol could help to reduce the CM dose and/or injection rate for firstpass perfusion imaging. However, conventional Gdchelates (at 0.5 mmol/l) yielded a high diagnostic performance at injection rates of 5-8 mL/second using a peripheral IV line, which were shown to be safe in multicenter trials (16 -18) .
While doses up to 0.15 mmol/kg of Gd-DTPA yield an increase in subendocardial signal during the first pass (16) , at very high concentrations of Gd-chelates in blood and tissue, T 2 * effects begin to dominate and the first pass of CM at high doses and/or high injection rates could even result in a signal drop in the ventricular cavities and the myocardium (33) . Pulse sequences Figure 2 . Example of a 67-year-old patient with walking-through angina. The first-pass perfusion study shows a large subendocardial perfusion deficit during adenosine-induced hyperemia in the anteroseptal and anterolateral walls (b) corresponding to a severe stenosis in the left anterior descending (LAD) coronary artery proximal to the take-off of large septal and diagonal branches (arrow in a). In a more apical slice, perfusion is also diminished in the lateral wall (d) corresponding to the territory of the large diagonal branches (a). In the apical slice, more than 50% of the LV wall is hypoperfused, indicating that fewer collaterals are supplying this portion of the LAD territory. With respect to the transmurality of perfusion deficits, it should be kept in mind that signal changes in the trabeculae and the papillary muscles should not be considered, since susceptibility artifacts are typically encountered in these structures, which are almost completely (circumferentially) exposed to the high CM concentrations in blood during first-pass conditions. Alterations in the right coronary artery (c) are not yet hemodynamically relevant. . When analysis is restricted to the data of adequate quality (approximately 85% of all studies) and the central three shortaxis slices, which are acquired predominantly in phases of minimal cardiac motion (a), perfusion-CMR is highly reliable for detecting CAD with doses of CM (Gd-DTPA) of 0.10 and 0.15 mmol/kg (D2 and D3, respectively). The diagnostic performance (i.e., the AUC) is low for 0.05 mmol/kg (D1). The AUC for D2 and D3 diminishes for less restrictive data (b and c), and is worst when all data are included in the analysis (all qualities and all slices (d)). For D1, AUC is poor for all conditions (a-d). Reprinted with permission from Ref. 16. with longer TEs are particularly prone to T 2 * effects and susceptibility artifacts at structures with high gradients in CM concentration (e.g., at the subendocardiumblood pool interface).
Intravascular Gd-based CM. Limited data are available regarding the application of intravascular Gdbased CM for myocardial perfusion imaging. To become an intravascular agent, Gd-ions are bound covalently to larger molecules, such as dendrimers (34), or Gd-chelates can bind transiently to large intravascular molecules, as is the case for MS-325, which binds to albumin (35) . Since the molecular tumbling rate of these macromolecules is lower than that for the small Gdchelates, relaxivity increases. If full relaxation (between RF pulses) of the intravascular water protons is achieved by a given CM, a further increase in signal is possible only if extravascular water protons are addressed. Considering this situation, intravascular CM would yield lower signal intensity in the myocardium (for a given CM relaxivity) than extravascular CM. Animal studies demonstrated a reduced dynamic range of myocardial signal response for intravascular CM compared to extravascular CM, which extravasate from the intracapillary compartment during the first pass (36, 37) . Unfortunately, this situation is not trivial, since intravascular CM, even when confined to the intravascular space, do address "extravascular" water protons through proton exchange (36, 37) . These mechanisms should be taken into account by perfusion modeling, but have not yet been fully clarified. For more details, see Ref. 38 .
Data Analysis
To increase reproducibility and reduce observer-dependence, semiautomatic or automatic analysis procedures for MR perfusion data sets are preferred over manual analysis approaches. Currently, no single analysis algorithm can be identified as the only or best method for detecting CAD. This is not surprising given the large variety of different perfusion imaging protocols and pulse sequences that are currently under evaluation. To allow for better comparisons between different analysis algorithms, at least a common nomenclature for the different approaches would be desirable. A proposed scheme in Figure 4 accounts for two important aspects of analyses: 1) what is being measured, and 2) how the data are extracted. Quantitative analyses yield "quantifiable" perfusion parameters, i.e., parameters that are derived from the signal intensity-time curves according to a well defined mathematical procedure. These parameters are either linked to tissue perfusion or directly represent perfusion in absolute units of mL/ min/g tissue. Alternatively, perfusion data analyses can be based on "eyeball" guesses. However, they are often associated with reduced reproducibility (17) . It has been shown that semiautomatic data extraction to derive perfusion-linked parameters provides better analysis reproducibility (16) .
Parameters Linked to Perfusion
Following correction of the data for motion (caused by imperfect breath-holding) and inhomogeneous coil sensitivity, the peak signal intensity, signal change over time (upslope), arrival time, time to peak signal, mean transit time (MTT), and other parameters can be calculated from signal intensity-time curves (19,20,28,35,39 -41) . These signal intensity-time curves can be generated on a pixelby-pixel basis or in segments of various extent and in different layers (e.g., subendocardial and transmural regions).
The upslope of the signal intensity-time curve is most widely used as a quantitative perfusion-linked parameter that closely correlates with microsphere perfusion measurements at relatively low flows (but not high flows) in animal models (40, 42) and with PET measurements in humans (26) . Further, it uses the initial portion of the signal intensity-time curve (which lasts only a few seconds), which reduces the sensitivity of this parameter for motion (most patients are able to hold their breath for this time period) as well as for CM recirculation.
Analysis of the subendocardial layer, which is known to be most sensitive for perfusion disturbances, is feasible given the high spatial resolution of MR perfusion imaging (26,41,43 ). An example of a polar map depicting upslope values in the subendocardial layer (i.e., the Figure 4 . Perfusion data can be assessed in many ways, and some inconsistency is noted when analysis procedures are reported. A scheme is proposed for better definition of possible analysis strategies. In this scheme, "quantitative" means that results are obtained in numbers. This allows for better comparisons of research results (to define the best analysis algorithms) and individual examinations in a given patient both in cross section (e.g., patient data vs. normal database) and longitudinally (e.g., monitoring disease activity). Such quantitative results can be obtained manually (and thus are associated with some observer dependence) or semiautomatically (i.e., some observer interaction with the data set is present), or quantitative data can be obtained automatically, thus eliminating any observer interaction (i.e., analysis variability).
inner half of the myocardium) is shown in Fig. 5 . Such perfusion-linked parameters result in less subjectivity in data interpretation, but require a normal database for comparison. Thus, extracting the perfusion-linked parameters from the data set is only one step, and building a normal database is an important additional effort needed to exploit the advantages of a quantitative approach.
Absolute Perfusion in mL/min/g
In addition to correcting data for coil sensitivity and motion, a quantitative approach also requires conversion of signal intensities into CM concentrations in order to allow for input correction. A prerequisite for such a conversion is an accurate mathematic description of the signal intensity-CM concentration relationship over the full range of CM concentrations that occur in the blood pool and myocardium during first-pass conditions. While a high CNR in the myocardium during first pass is desired, it requires relatively long delay times (between magnetization preparation and readout), and such delay times tend to distort a linear relationship between high blood-pool CM concentrations and signal (42) . Thus, specifically designed pulse sequences (44) or a dual-bolus protocol (42) would be required to account for this problem. Once signal intensities have been converted into CM concentrations, different models may be applied to calculate perfusion. Detailed reviews on data analysis and models are available elsewhere (38, 45) . Models for intravascular CM should take into account proton exchange rates between the vascular and extravascular beds (46) , leakage of CM in territories of ischemia (47) , and vascular architecture (48) . At the present time, the value of a quantitative approach with intravascular CM for detecting CAD in humans is not known.
Diagnostic Performance of Perfusion-CMR
The application of multislice techniques to highly selected patient populations with documented single-vessel disease yielded sensitivities of 100% (22) . In a clinical study using a single-slice approach and CM injection into the right atrium, the sensitivity and specificity were 90% and 83%, respectively, for the detection of stenoses Ն75% (24). A study published by our institution (26) using a multislice approach and a peripheral CM injection yielded a sensitivity and specificity of 91% and 94%, respectively, for detection of patients with hemodynamically significant coronary artery stenoses (defined as reduced coronary flow reserve by 13 N-ammonia PET). Moreover, the amount of compromised myocardium as assessed by perfusion-CMR (ϭ number of pathological segments) closely agreed with PET measurements. The sensitivity and specificity for detecting morphologically defined CAD (Ն1 coronary artery with Ն50% diameter stenosis in quantitative coronary angiography) were as high as 87% and 85%, respectively, even when stenoses of side branches of coronary vessels were considered. In this study, for the detection of anatomically defined CAD, MR yielded an area under the receiver-operator characteristics (ROC) curve (AUC) of 0.91, which compared favorably with 0.93 for PET (corresponding to a sensitivity and specificity of 91% and 81%, respectively). These single-center results were recently confirmed by a multicenter trial (17) . Another approach evaluated the potential of semiautomatic analysis of perfusion data for detection of CAD (defined as Ն50% diameter stenosis on quantitative coronary angiography) (16) . In this multicenter study we analyzed the slope of the signal intensity-time curve as a perfusion-linked parameter and achieved a sensitivity and specificity of 93% and 75%, respectively, with an AUC of 0.88, confirming the Example of a 43-year-old patient with a history of aortic dissection type A, which was treated with aortic graft surgery. Six months later the exercise test was uneventful, but one year later ST-segment depression occurred together with dyspnea. The perfusion-CMR study (a: baseline image; b: peak-effect image) demonstrates a large perfusion deficit in the subendocardial layer of the anteroseptal, anterior, anterolateral, and inferolateral walls (i.e., the perfusion territory of the left main coronary artery (c)). Only the basal portion of the interventricular septum is normally perfused (no subendocardial dark tissue). The pulse sequence is described in Fig. 1. d: A polar map for the upslope values in the subendocardial layer shows approximately three-quarters of the LV myocardium as hypoperfused during adenosine-induced hyperemia. The normal database and the thresholds used for color-coding were established in a recent study (26 slope results of the previously-mentioned single-center study (AUC ϭ 0.91) (26) .
An even larger multivendor multicenter phase II (dose-finding) clinical trial, known as Magnetic Resonance Imaging for Myocardial Perfusion Assessment in Coronary Artery Disease Trial (MR-IMPACT), was recently finalized. MR-IMPACT involved 234 patients studied in 18 centers worldwide, and confirmed singlecenter and single-vendor multicenter trials and yielded results superior to SPECT imaging (18) . A phase III clinical follow-up trial of MR-IMPACT recently closed recruitment, and analysis is ongoing.
MYOCARDIAL VIABILITY
Once a perfusion abnormality during hyperemic conditions has been detected by perfusion-CMR, it is of major importance to relate this perfusion deficit to either viable (i.e., ischemic myocardium) or scar (i.e., nonviable) tissue. Whereas revascularization should be attempted in the first case, a perfusion deficit related to scar tissue would probably not require any further revascularization. Therefore, it is obvious that in territories with reduced function and the presence of perfusion abnormalities, a viability study should follow to aid in clinical decision-making (i.e., to decide whether revascularization is required or not). T 1 -weighted pulse sequences following administration of extravascular Gd-chelates are able to delineate necrotic tissue due to CM accumulation in an extended distribution volume (49) . A breakthrough in infarct detection was the introduction of an IR-prepared (and thus heavily T 1 -weighted) pulse sequence that yields high signal differences between viable myocardium (with its signal nulled) and scar tissue following Gd-chelate injection (50) . With this IR-based late enhancement (LE) technique, infarctions were detected in the acute setting in dogs, and irreversibly damaged myocardium was differentiated from stunned myocardium (51) . In patients the LE-based viability imaging was validated in acute (52) and chronic (50) myocardial infarctions. Because of the high spatial resolution of the LE-based viability imaging, it could be shown that both a thickness of viable rim tissue in the subepicardium of Ն4 mm and a scar thickness in the subepicardium of Ͻ4 mm are required to predict functional recovery after revascularization (53) . The importance of assessing both perfusion and viability is demonstrated in Fig. 6 , which shows a patient with hypertrophic cardiomyopathy. Evaluation of perfusion may also be clinically valuable in patients with a thick RV wall, as seen in pulmonary hypertension or in adult congenital heart disease with RV overload.
ASPECTS OF PERFUSION-CMR TO BE RESOLVED-CHALLENGES FOR THE NEAR FUTURE
During the past 10 years or so, tremendous progress has been achieved with the development of the perfusion-CMR technique in animal experiments (19,20,33,36,40 ) Figure 6 . A 35-year-old woman with recurrent chest pain at rest and known hypertrophic cardiomyopathy was referred for a CMR examination. a: Cine MR images confirmed hypertrophy of the LV (particularly of the septum) involving the apex of the RV as well. LE-based viability imaging (0.25 mmol/kg Gd-DTPA-BMA) showed considerable scar tissue in the apical region of the LV (arrows in b) . In a mid-ventricular short-axis slice, first-pass perfusion imaging (0.1 mmol/kg during adenosine 0.14mg/kg/minute over three minutes) shows three hypoperfused areas (c). Two of the areas correspond to scar tissue on LE imaging in d (arrows: scars 1 and 2), while the largest perfusion deficit in c (arrowheads) resides within viable myocardium with a small central scar region only (arrow head: scar 3 in d).
In an apical short-axis slice, first-pass perfusion-CMR (e) demonstrates a large subendocardial perfusion deficit involving the anterior, lateral, and inferior walls, which well matches the region of scar tissue on LE imaging (f). These findings explain the patient's episodes of chest pain and place her in a higher-risk category due to the scar content (69) , and may even indicate progression, since hypoperfused myocardium may be at risk to undergo necrosis in the future. and more recently with large international multicenter trials with positive results (16 -18) . Higher CM doses of extravascular Gd-chelates (ranging from about 0.05 to 0.10 mmol/kg) administered into a peripheral vein with injection rates of about 5 mL/second can be recommended (18) . Furthermore, reliable data are now available for fast echo-planar-type readouts with magnetization preparation utilizing a 90°saturation pulse. Nevertheless, many other important issues remain unresolved, and some of these are discussed below. The following paragraphs are therefore meant to stimulate future research. Many questions may be addressed by smaller studies, while other aspects (e.g., robustness of technique, evidence for guidelines, cost-effectiveness, etc.) will primarily require larger multicenter trials.
Stress-Only Protocol vs. Stress-Rest Protocol
For perfusion-CMR, it should be kept in mind that a stress-rest protocol would not be the analog of the conventional scintigraphic approach, which involves administration of radioactive tracers as a stress injection and rest reinjection. In scintigraphy, stress injection is used to probe perfusion, while the rest reinjection probes redistribution of tracer into viable myocytes (i.e., viability), depicting scar tissue as a "cold spot." In analogy, the "rest-injection" in CMR probes redistribution (i.e., scar tissue) by LE imaging (38) . Hence, in CMR a stress-only protocol followed by LE imaging is the analog for a SPECT approach.
Some confusion may arise from the fact that in PET, rest-injection of a flow tracer is utilized to measure resting perfusion, which then enters the formula for perfusion reserve calculation. A reduced perfusion reserve is then indicative of the presence of hemodynamically significant stenoses, i.e., CAD (26, 54) . With this in mind, the stress-rest perfusion approach in CMR could be used to calculate perfusion reserve, as is done in PET, to detect myocardium that is prone to ischemia during increased oxygen demand. For a complete workup involving a stress-rest CMR protocol, additional LE imaging would then be required for viability assessment (for PET, the analog would be the 18 F-fluoro-deoxyglucose injection at rest) (53) .
Both the stress-only CMR approach (16, 26, 32) and the stress-rest CMR approach (24, 55) have yielded good results for the detection of CAD. It should be kept in mind, however, that a stress-rest approach requires a longer examination time due to the need for two CM injections (and an interval between injection to allow for CM washout), and a longer analysis time (for stress and rest data analysis). Furthermore, it is difficult to match myocardial tissue during stress and rest because the geometry of the heart changes with high heart rates during hyperemia as compared to the resting condition. Most importantly, for perfusion reserve calculations, it must be ensured that a perfusion-related parameter used to calculate perfusion reserve is linearly related to perfusion over a wide range of values, i.e., encompassing resting and hyperemic perfusion (see also absolute quantification of perfusion). Interestingly, in the PET literature the percent area of stenosis on conventional x-ray coronary angiography correlated better with myocardial stress perfusion data than with perfusion reserve data (56 -58) .
Cardiac Coverage
Extended cardiac coverage would be expected to increase the sensitivity to detect CAD by visualization of smaller areas of hypoperfusion. Furthermore, the extent of perfusion deficits correlates with prognosis. Therefore, an extensive cardiac coverage is clearly advantageous. However, as higher cardiac coverage per unit of time is typically traded for a reduced SNR, CNR, and/or spatial resolution, pulse sequences with an improved cardiac coverage would not necessarily provide a higher diagnostic performance. In this regard, it is noteworthy that several studies demonstrated better diagnostic performance (i.e., higher AUC) when cardiac coverage was reduced by excluding slices with compromised quality (acquired during rapid cardiac motion) (16, 32) (see also Fig. 3 ). However, with the current data, no definite recommendation regarding coverage (i.e., the number of slices) can be made.
Temporal Resolution
Most studies were performed with a temporal resolution of one stack of images acquired every one to two RRintervals. Some investigators favored a temporal resolution of one stack per RR-interval, while many larger studies with a temporal resolution of one stack per two RR-intervals obtained excellent results with sensitivities and specificities of 87-93% and 75-85%, respectively (16, 26) . In this regard, higher CM doses yield more points on the upslope of the signal-intensity time curve, and thus compensate for a lower temporal resolution of data acquisition, which can be traded for better cardiac coverage and/or better spatial resolution. Therefore, using higher CM doses with the acquisition of an entire stack every two RR-intervals with consequently better coverage and/or spatial resolution may be advantageous. Because of cardiac mechanics, only one phase in the cardiac cycle (i.e., mid-diastole) has negligible motion, whereas relatively little motion (mostly torsion) is present during late systole (and isovolumetric relaxation). Thus, data acquisition should occur during one or two phases of the cardiac cycle. Accordingly, four slices every two heartbeats can be acquired up to a heart rate of 125/minute using a hybrid echo-planar pulse sequence (with a delay time of 120 msec after the 90°preparation) (26) . Using a notchpulse preparation would allow one to acquire three slices every heartbeat up to a heart rate of 126/minute, or up to seven slices every two heartbeats (16) up to a heart rate of 109/minute, although acquisitions within three or more phases per heartbeat would conflict with the idea of acquiring data during motion-free cardiac phases. This is illustrated in Fig. 3 , in which diagnostic performance is diminished for a notched preparation approach when all acquired slices are used for analysis (yielding an AUC of 0.80 for a dose of 0.1 mmol/kg; Fig.  3b) , as compared to an analysis based on slices that were primarily acquired during stable cardiac phases (yielding an AUC of 0.91; Fig. 3a) (16) .
Pulse Sequence and Field Strength
While hybrid echo-planar sequences can be recommended for perfusion imaging, future large studies are warranted to determine whether parallel imaging strategies with or without SSFP pulse sequences would perform better than hybrid echo-planar readouts. Increasing the field strength from 1.5T to 3T is another way to increase the available magnetization. While diagnostic performance is well documented for 1.5T systems, no comparable data are available for 3T systems, which therefore cannot be recommended at the current time for perfusion imaging. In this context, it should be mentioned that a major advantage of perfusion-CMR over SPECT is that the former provides a high diagnostic performance in all vascular territories (i.e., also in the inferior wall), while the inferior wall in SPECT imaging is susceptible to attenuation artifacts. This important advantage of perfusion-CMR over SPECT should be demonstrated for 3T systems as well, where shimming, particularly of the inferior wall, appears more difficult. In a recent study in volunteers, relative to baseline the increase in myocardial signal during first pass (at 0.1 mmol/kg Gd-DTPA IV) was 2.6 times higher at 3T compared to 1.5T in the anterior wall, but only 1.7 times higher in the inferior wall (59) . Larger studies in patients will be needed to show whether an inhomogeneous increase in first-pass signal in different myocardial regions would affect diagnostic performance.
Data Analysis
The question is still open as to whether visual criteria or quantitative parameters (i.e., perfusion-linked or absolute parameters) yield better diagnostic performance. Clearly, a quantitative approach appears advantageous for minimizing observer variability in diagnosis and thus enabling the disease process to be monitored by repetitive perfusion studies. To achieve this goal, analysis software could compare individual patient data with large and representative normal databases to establish the diagnosis. These normal databases, which ideally would be divided into different age and gender categories, should be reestablished if the pulse sequence parameters and/or CM dose or type are changed. Di Bella and coworkers (60) recently demonstrated that the extent of artifacts at the subendocardial border causing reduced signal in the subendocardium not only depends on susceptibility and motion, but also increases with decreasing spatial resolution. This observation underlines the importance of updating normal databases when the pulse sequence parameters are changed.
No definite recommendations can be given at this time regarding the optimum heart model (i.e., the optimum number and position of the segments representing the LV myocardium). The application of a 16-or 17-segment model as recommended for scintigraphy or echocardiography is possible and would allow for comparisons between methods. However, the high spatial resolution achieved by MRI (i.e., the ability to selectively probe the subendocardial layer) would favor a model that includes the subendocardium only. Considering the current slice thicknesses of 8 -10 mm, it may be adequate to ignore most apical slices in a short-axis approach to reduce partial-volume artifacts. Such a model could be effective in detecting treatable patients, since the small vessels supplying the apex are typically not amenable to interventions.
Data Quality
Raw data of high quality are essential for any reliable analysis approach. Visual analysis exploits the ability of an experienced reader to compensate for inadequate quality, but is traded for lower reproducibility unless strict reading criteria are defined. For semiautomatic and particularly for automatic analyses, adequate data quality is crucial, as shown by multicenter data (Fig. 3 ) (16) . Therefore, definitions of quantifiable quality criteria will be needed in the future to improve on this aspect of perfusion-CMR.
FUTURE PERSPECTIVES
As demonstrated by a substantial number of singlecenter studies and more recently by large multicenter studies, perfusion-CMR may become a first-line modality in the workup of patients with known or suspected CAD in the near future. In patients with wall motion abnormalities, the combined approach of perfusion-CMR and LE-CMR appears particularly attractive for a comprehensive workup of cardiac patients. Since perfusion-CMR is free of radiation, this technique may be particularly useful for adult congenital heart disease after coronary artery surgery (e.g., after a switch operation) or in patients with a history of Kawasaki disease, for whom monitoring of disease over many decades is required (61) .
Shift in the Paradigm: From a Reactive to an Active Strategy
During the last decade, remarkable progress in the field of interventional cardiology has been achieved with steadily increasing success in revascularizations even in the setting of acute coronary syndrome or acute myocardial infarction. Nevertheless, approximately 60% of cardiac deaths occur before the patients reach the catheterization laboratory for treatment (62) . These circumstances indicate an insufficient diagnostic approach in clinical cardiac routines. Typically, patients are identified as being at risk when they are symptomatic for angina, dyspnea, or arrhythmias. To detect patients at risk for myocardial infarction more efficiently, an active strategy could be pursued whereby patients are approached for CAD detection by perfusion-CMR before symptoms occur. The selection of patients to undergo such a CMR evaluation, and the choice of monitoring strategy could be based on their global cardiovascular risk. Today, global risk is generally estimated by considering the classic risk factors (63) (64) (65) . In addition, vascular function assessments (e.g., by fast MR techniques (66)) could add valuable information, and individual characterization of gene patterns (67, 68) could further define individual cardiovascular risk. It will be a challenge for upcoming perfusion-CMR trials to provide supportive data for such a risk-based role of perfusion-CMR in the future.
